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We  identiﬁed non-covalently linked cell wall proteins from Paracoccidioides brasiliensis yeasts
and  mycelia, with focus on the yeast pathogenic phase, and correlated them with reported
fungal extracellular vesicle proteins. We studied isolates Pb3 and Pb18, which evoke distinct
patterns of experimental paracoccidioidomycosis and represent two phylogenetic groups.
Proteins were extracted mildly with dithiothreitol, trypsinized, and peptides analyzed by
liquid  chromatography coupled to high-resolution mass spectrometry. Among 132 yeast-
exclusive sequences, 92 were Pb18-exclusive. About 80% of total proteins were classiﬁed as
secretory, mostly showing non-conventional signals. Extracellular vesicular transportation
could  be involved, since 60% had orthologs reported in fungal extracellular vesicles.Cell wall proteins
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©  2014 The Authors. Published by Elsevier B.V. on behalf of European Proteomics
Association (EuPA). This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
lower percentages of proteins, glycoproteins and lipids [1].1.  IntroductionThe relationship between pathogens and hosts involves cell
surface molecules. In most fungi, the cell wall is the outermost
structure, and therefore its constituents are more  accessible
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article  under the CC BY-NC-ND license (http://creativecommons.org/licto interact with the host. The cell wall is mainly composed
by structural polysaccharides – chitin and glucans – and by Parasitologia, Escola Paulista de Medicina, UNIFESP, Rua Botucatu,
Structural cell wall proteins from Saccharomyces cerevisiae and
Candida albicans are covalently attached either to short -1,6-
glucan chains via glycosylphosphatidylinositol (GPI) anchor
 European Proteomics Association (EuPA). This is an open access
enses/by-nc-nd/3.0/).
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scanning confocal microscope (LSM-510 Axiovert; Carl Zeiss,
Jena, Germany).
For the kinetic ﬂuorimetric assay, 8 × 105 yeasts were incu-
bated in 30 M FUN-1® at 37 ◦C in a 96-well plate, wheree u  p a o p e n p r o t e o m i
emnants or directly to long -1,3-glucan chains (e.g., proteins
ith internal repeats – Pir). Non-covalently linked proteins can
e extracted from fungal cell walls with hot water, chaotropic
gents or ionic detergents such as sodium dodecyl sulphate
SDS) [1]. Proteins associated with the cell wall through disul-
de bonds can be extracted with reducing agents [2–4]. As a
onsequence, internal cell wall structural polysaccharides are
ossibly exposed and loosened [4], also likely releasing impris-
ned proteins.
Paracoccidioides brasiliensis is a temperature-dependent
imorphic fungal pathogen that causes paracoccidioidomy-
osis (PCM), a systemic granulomatous mycosis prevalent in
atin America [5]. Upon inhalation by human hosts, environ-
ental conidia reach the pulmonary alveolar epithelium and
ransform into multibudding yeasts in response to temper-
ture changes. Yeast cells constitute the pathogenic fungal
hase, affecting mainly the lungs, although dissemination to
ther organs may also occur [5]. PCM progression depends on
irulence of each fungal isolate, and particularly on the type
f host immune response it induces [6].
In vitro, P. brasiliensis transition from mycelium to yeast
ccurs upon temperature increase above 28 ◦C [7], and is fol-
owed by extensive transcriptional pattern alteration [8,9] that
eads to several known changes in cell wall polysaccharides.
he most striking are an increase in chitin content and a shift
n the anomeric structure of most (but not all) alkali insoluble
-glucans to alkali soluble -glucans [10]. Chemical compo-
ition analysis of P. brasiliensis isolated cell wall preparations
howed that mycelial phase cells have higher protein content
24–41%) than yeast cells (7–14%) [11].
Little is known about cell wall structural proteins in P.
rasiliensis. However, many  P. brasiliensis cytoplasmic proteins
ave been localized to the cell surface, mainly by confocal and
lectron microscopy [12]. They include proteins with adhe-
ive properties to extracellular matrix components, enzymes
elated to carbohydrate and nitrogen metabolism, and chap-
rones. Extracellular gp43, which is the main P. brasiliensis
iagnostic antigen [13], has also been observed at the yeast
ell wall [14]. It has adhesive properties to extracellular matrix
roteins [15,16] and can be used as vaccine in experimen-
al PCM due to the presence of a T-cell epitope called P10
17].
In the present work, we used proteomic strategies of liquid
hromatography coupled to high-resolution mass spectrome-
ry (LC–MS/MS) to identify cell wall-associated proteins from
he yeast and mycelial morphological phases of P. brasiliensis
solates Pb3 and Pb18. We chose these isolates because they
elong to different phylogenetic groups [18] and cause murine
aracoccidioidomycosis with distinct progression character-
stics [19]. In a B10.A mouse model, isolates from PS2 group,
ncluding Pb3, evoked regressive PCM, while isolates from the
ain species S1, including Pb18, were highly virulent [19].
dditionally, full genomic data are available for Pb3 and Pb18
t the Dimorphic Fungal Database from the Broad Institute site
http://www.broadinstitute.org/annotation/genome/dimorph
ollab/MultiHome.html) [20]. We focused our analysis on pro-
eins differentially expressed in the yeast pathogenic phase
nd compared identiﬁed proteins between isolates and with
roteins previously reported at the cell wall and extracellular
esicles from several fungal species. ( 2 0 1 4 ) 216–228 217
2.  Materials  and  methods
2.1.  P.  brasiliensis  isolates  and  growth  conditions
P. brasiliensis yeasts (isolates Pb3 and Pb18) [21] recently recov-
ered from BALB/C mouse lungs were maintained at 36 ◦C in
solid modiﬁed YPD medium (0.5% yeast extract, 0.5% casein
peptone, 1.5% glucose, pH 6.5). For cell wall protein extraction,
fungal cells were cultivated in biological triplicates in Ham’s
F12 medium (Invitrogen) supplemented with 1.5% glucose
(F12/Glc). Yeast cells from 7-day-old slants were cultivated at
36 ◦C for 4 days, under shaking, in 200 mL  F12/Glc (four pre-
inoculums) and the cells were transferred to 500 mL  of fresh
medium to grow for another 2 days before dithiothreitol (DTT)
extraction. To obtain mycelial cultures, yeast cells from 7-day-
old slants were transferred to 500 mL  of F12/Glc medium and
cultivated at 25 ◦C for 14 days until complete morphological
transition, when the hyphae were collected and extracted with
DTT.
2.2.  DTT  extraction  of  cell  wall-associated  proteins
Cell wall-associated proteins were extracted as previously
described by Klis and co-workers [3], with modiﬁcations. P.
brasiliensis yeast and mycelial cells were harvested by cen-
trifugation (4000 × g, 15 min), washed three times by mixing
in vortex (one min  each) with ice-cold 25 mM Tris–HCl, pH
8.5, and then incubated with 2 mM DTT in the same buffer
(6 volumes) complemented with 1 mM phenylmethylsulfonyl
ﬂuoride (PMSF) and 5 mM ethylenediamine tetraacetic acid
(EDTA). Extraction was carried out at 4 ◦C for 1 h, under gen-
tle agitation. Cells were pelleted by centrifugation; extracts
were ﬁltered through a sterile 0.22-micron ﬁlter, dialyzed
against 0.1 M ammonium acetate in Amicon (Millipore), and
lyophilized. Lyophilized surface protein extracts were sus-
pended in deionized water and incubated overnight in three
volumes of ice-cold acetone at −70 ◦C. Precipitated proteins
were pelleted by centrifugation for 30 min (16,000 × g at 4 ◦C),
washed in acetone and dried in the air. Protein concentration
was measured using the Pierce® BCA protein assay kit.
2.3.  FUN-1® cell  viability  assay
DTT-treated yeast cells were tested for viability using the FUN-
1® reagent (Molecular Probes, Invitrogen), and the results were
recorded by both confocal microscopy and kinetic ﬂuorimet-
ric assays following the manufacturer’s instructions. Brieﬂy,
viable, heat-killed (2 h at 80 ◦C), and DTT-treated (2 mM  DTT,
1 h, 4 ◦C) Pb18 yeast cells were centrifuged, washed, and resus-
pended in 2% glucose in 10 mM HEPES (pH 7.2). For confocal
microscopy, cells were incubated in 6 M FUN-1® and 25 M
Calcoﬂuor White M2R at 37 ◦C in the dark for 45 min. Cells
were then washed twice in HEPES buffer, prepared on glass
slides with Vectashield mounting medium (Vector Laborato-
ries, Inc., Burlingame, CA), sealed, and analyzed using a laser
 m i c s218  e u  p a o p e n p r o t e o
green and red ﬂuorescence were measured every 200 s for 1 h
in a SpectraMax M2e (Molecular Devices) equipment. Exci-
tation wavelength was 460 nm for both ﬂuorescence colors,
while acquired emission wavelengths were 540 nm (green) and
590 nm (red).
2.4.  Protein  digestion
Protein digestion was carried out as described by Rus-
sell and co-workers [22]. Proteins (10 g) were denaturated
at 95 ◦C for 5 min  in buffered methanol/50 mM NH4HCO3
(60/40, v/v). Disulﬁde bonds were reduced in 5 mM DTT
for 30 min  at 37 ◦C, and cysteine residues were alkylated
in 10 mM iodoacetamide (90 min  at room temperature, in
the dark). Proteolytic digestion was performed with 1 g
of sequencing-grade trypsin (Promega), overnight at 37 ◦C.
The reaction was terminated by addition of 0.05% triﬂu-
oroacetic acid (TFA). Tryptic peptides were desalted in a
POROS R2 (Applied Biosystems) microcolumn and dried in
an Eppendorf vacuum concentrator before LC–MS/MS analy-
sis.
2.5.  LC–MS/MS  analysis  and  protein  identiﬁcation
Tryptic peptides were resuspended in 0.1% formic acid (FA)
and loaded in a LTQ-Velos Orbitrap (Thermo Fisher Sci-
entiﬁc) through a coupled nanoHPLC (Proxeon). Samples
were desalted and concentrated in a pre-column (5-m C18
beads, 100 m × 20 mm,  Thermo), then chromatographed
in a reverse-phase capillary column (10 cm × 75 m,  5-m
beads, Thermo) at 300 nL/min. Peptides were eluted in a
linear gradient from 5% to 40% of solvent B [solvent A: 5%
acetonitrile (ACN)/0.1% FA; solvent B: 100% ACN/0.1% FA]
during 100 min  and for an additional 20 min  with up to 80%
of solvent B. Eluted peptides were directly injected in the
mass spectrometer via a nanoelectrospray set at 2.5 kV. All
analyses were performed in the positive ionization mode at
the 50–2000 m/z  range. The mass spectrometer was operated
in a data-dependent acquisition mode to automatically switch
between one orbitrap full-scan and ten ion trap tandem mass
spectra. The *.raw data ﬁles were processed in the Proteome
Discoverer software (Thermo), and searches were performed
in MASCOT against P. brasiliensis Pb3 and Pb18 databases
(http://www.broadinstitute.org/annotation/genome/dimorph
collab.1/MultiHome) using a 1% false discovery rate (FDR).
The search parameters included: (i) carbamidomethylation
of cysteine residues as a ﬁxed modiﬁcation; (ii) oxidation
of methionine residues as a variable modiﬁcation; and
(iii) 10 ppm and 0.8 Da for MS1  and MS2  tolerance, respec-
tively. Only proteins identiﬁed by at least two peptides were
considered for further analysis.
2.6.  Bioinformatics  analysis
Venn diagrams were designed using the VennDiagram-
Plotter tool, available at http://omics.pnl.gov/software/
VennDiagramPlotter.php. Classiﬁcation of putative secretory
proteins was performed using the Fungal Secretome Database
(FSD; http://fsd.snu.ac.kr/), which gathers information from
nine different prediction programs for several fungal genomes 3 ( 2 0 1 4 ) 216–228
[23]. Proteins were labeled as not classiﬁed by FSD, SP (contain-
ing signal peptide identiﬁed by SignaIP 3.0), SP3 (bearing signal
peptide predicted by SigPred, SigCleave or RPSP), SL (subcellu-
lar localization predicted by PSort II and/or Target 1.1b), and NS
(nonclassical secretion, predicted by SecretomeP 1.0f). Protein
sequences were submitted to Gene Ontology (GO) annota-
tion using the Blast2GO algorithm http://www.blast2go.de/
[24]. Identiﬁcation of orthologous proteins in several fungi
was performed manually or using the OrthoMCL software
v2.0.2,34 (http://www.orthomcl.org/cgi-bin/OrthoMclWeb.cgi),
with percent match cut-off = 50 and E-value exponent
cut-off = −5. Homologs of P. brasiliensis sequences were
searched in the genome database of the Broad Institute site
(http://www.broadinstitute.org/annotation/genome/dimorph
collab.1/MultiHome).
3.  Results
3.1.  Extraction  of  cell  wall-associated  proteins
In the present study we characterized cell wall-associated
proteins extractable with DTT from both yeast and mycelial
morphological phases of P. brasiliensis. We  compared surface
proteins from isolates Pb3 and Pb18 because they represent
distant phylogenetic groups [18], for which selected members
seem to cause distinct patterns of murine PCM [19]. Fungal
cells were cultivated in deﬁned medium at the appropriate
temperature in biological triplicates. Extracted proteins were
digested with trypsin and analyzed by LC–MS/MS.
We extracted proteins from live cells with 2 mM DTT for 1 h
at 4 ◦C, as optimized for yeast by Klis et al. [3] and later adapted
for Aspergillus fumigatus ﬁlaments [4] to extract cell wall-
associated proteins without affecting membrane integrity. We
presently conﬁrmed that DTT extraction has not decreased
cell viability in P. brasiliensis,  thus suggesting that the iden-
tiﬁed proteins have not derived from signiﬁcant cytoplasmic
leaking. Cell viability was tested using the FUN-1® staining
reagent (Fig. 1). Yeast cells were stained with FUN-1® before
(viable) and after DTT treatment or a heat-killing procedure
(dead cell control). Fig. 1A shows that the red/green ratio over
time was comparable in treated and not-treated yeast cells,
suggesting they were metabolically active after protein extrac-
tion. Observe in Fig. 1B that, such as metabolically active viable
cells, DTT-treated yeasts were able to make the conversion of
FUN-1® stain from a diffusely distributed green ﬂuorescence,
as seen in the cytoplasm of heat-killed yeasts, to compact red
cylindrical intravacuolar structures, thus suggesting viability.
Colony forming units for DTT-treated cells were also compa-
rable to those obtained for not-treated controls (not shown).
3.2.  General  features  of  P.  brasiliensis  cell
wall-associated  proteins
All identiﬁed cell wall-associated proteins and the corre-
sponding validated peptides detected here are listed in
Supplementary Tables 1–4. To introduce a better level of rigor
to proteins selected for further analysis, we  used an arbi-
trary cut-off of identiﬁcation by two or more  peptides in each
of the three sample replicates. Following those criteria, the
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Fig. 1 – FUN-1® viability tests of DTT-treated Pb18 yeast cells. (A) FUN-1® red (590 nm)/green (540 nm)  ratio in a kinetic
ﬂuorimetric assay indicated preserved metabolic activity in cells treated or not with DTT; (B) Confocal microscopy images of
FUN-1® stained yeast cells showed red ﬂuorescent intravacuolar ﬂuorescence (arrows) in cells treated or not with DTT,  but
cytoplasmic diffuse green ﬂuorescence in metabolically inactive heat-killed cells. In blue, cell wall is evidenced with
Calcoﬂuor White M2R. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
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umber of identiﬁed proteins in triplicates (central circle,
ig. 2) that were further considered for analysis reached 208
Pb3 mycelium), 164 (Pb3 yeast), 148 (Pb18 mycelium), and
39 (Pb18 yeast). These proteins are listed in Supplementary
able 5, where they were classiﬁed into functional cate-
ories according with gene ontology (GO) annotation using the
last2GO algorithm [24]. In general, DTT-extractable proteins
rom both P. brasiliensis isolates and morphologies are involved
n diverse processes, such as metabolism of protein, carbo-
ydrate, lipid, and nucleotide, translation, response to stress,
ignaling, oxidation/reduction, transport, and other less rep-
esented functions (Supplementary Table 5).
.3.  General  features  of  cell  wall-associated  proteins  in
east and  mycelium
e  initially compared cell wall-associated proteins from
ifferent morphological phases in the same isolate (Supple-
entary Fig. 1). For Pb3, 51 proteins were yeast-exclusive,
5 were mycelium-exclusive, and 113 were found in both
hases (Supplementary Fig. 1A). Proteins related to car-
ohydrate metabolism were more  represented in the Pb3
ycelium-exclusive group, while protein metabolism, trans-
ation, nucleic acids binding, nucleosome assembly, and
ellular architecture were more  abundant in the yeast-
xclusive group. Pb18 cells showed a higher number of
east-exclusive proteins (153), followed by an overlap group
87), and mycelium-exclusive (61) proteins (SupplementaryFig. 1B). Functional categorization was generally similar in
Pb3 and Pb18 morphological phases. According to the number
of unique peptides, we  could roughly compare abundance of
the same protein among samples (Supplementary Table 5). In
general, the numbers were similar among isolates and/or mor-
phological phases. However, in some instances the amounts
seemed to vary. That is the case of disulﬁde-isomerase
(PABG 01265/PADG 03841), more  abundant in cell wall
mycelia, or hsp70-like (PABG 05342/PADG 08118) and peptidyl-
prolyl cis-trans isomerase D (PABG 07029/PADG 06488), which
were apparently more  prominent in yeast-phase cell wall of
both isolates.
3.4.  Pb3  and  Pb18  cell  wall-associated  mycelium
proteins
When Pb3 and Pb18 mycelium cell wall-associated proteins
were compared (Supplementary Fig. 2, Supplementary Table
6), 47 were exclusive to Pb18, 107 were exclusive to Pb3,
and 101 overlapped both isolates (Supplementary Fig. 2A).
Proteins related to carbohydrate and protein metabolism
prevailed in Pb3-exclusive mycelium proteins, while Pb18-
exclusive mycelium proteins fell especially in the groups
of nucleic acid binding/metabolism, translation and stress
response (Supplementary Fig. 2B). Some mycelium proteins
were apparently more  abundant in a speciﬁc isolate, such as
mannose-6-phosphate isomerase (PABG 03558/PADG 02132)
in Pb3, and tripeptidyl-peptidase (PABG 00834/PADG 03290) or
220  e u  p a o p e n p r o t e o m i c s 3 ( 2 0 1 4 ) 216–228
Fig. 2 – Venn diagrams show the number of DTT-extractable cell wall-associated proteins identiﬁed by two or more  peptides
in each replicate of Pb3 and Pb18 yeast and mycelial phases. Only proteins identiﬁed in all replicates (central circles) were
considered for further analysis (Supplementary Table 5).
rab GDP-dissociation inhibitor (PABG 02751/PADG 01243) in
Pb18 (Supplementary Table 5).
3.5.  Yeast-exclusive  cell  wall-associated  proteins  in  P.
brasiliensis
We  focused further analysis on yeast-phase proteins, consid-
ering that this is the pathogenic P. brasiliensis phase. We
compared pooled Pb3 and Pb18 yeast and mycelium DTT-
extractable cell wall proteins (central circles, Fig. 2) to
obtain an overall scenario of yeast-exclusive molecules
in the species (Fig. 3). We found 132 yeast-exclusive,
against 108 mycelium-exclusive, while 145 proteins over-
lapped both phases (Fig. 3A). According to GO classiﬁcation
(Fig. 3B), proteins more  represented in the yeast-exclusive
than in the mycelium-exclusive pool were related to oxi-
dation/reduction (1.2-fold), protein metabolism (1.8-fold)
notably proteasome-related, translation (5.7-fold), notably
those related to 60S ribosome, nucleic acids binding (2.4-
fold), nucleosome assembly (3.8-fold), and transport (4.5-fold)
(Fig. 3B). The nucleosome assembly, as well as transport,
were groups formed almost exclusively of yeast cell wall pro-
teins, like histones H2A (PABG 05588/PADG 05906) and H2B
(PABG 05589/PADG 05907). Other examples of yeast cell wall
proteins we  obtained are catalase B (PABG 03611/PADG 00225),
thioredoxin reductase (PABG 03023/PADG 01551), and nitrore-
ductase (PABG 03480/PADG 02048) (Supplementary Table 5).Mycelium-exclusive proteins seemed to be more  involved
in carbohydrate metabolism (3.5-fold). Possibly, mycelial cells
need an extra contribution of energy for cell wall biosynthe-
sis/remodeling [25]. We  especially point out identiﬁcation
of enzymes involved in cell wall architecture and remodel-
ing, such as beta-glucosidases (PABG 00450/PADG 02862,
PABG 06014/PADG 06700, PABG 02038/PADG 00483), an
alpha-glucosidase (PABG 04069/PADG 07523), a chitinase
(PABG 02565/PADG 00994/), and a beta-glucanosyltransferase
(PABG 04523/PADG 04918) (Supplementary Table 5).
3.6.  Comparison  between  Pb3  and  Pb18  yeast-phase
cell wall-associated  proteins
Considering that yeast cell wall is the main fungal struc-
ture in contact with the host during P. brasiliensis infection,
and that Pb3 and Pb18 have distinct virulence character-
istics [19], we compared DTT-extractable cell wall proteins
from Pb3 and Pb18 yeast phase (Fig. 4 and Table 1). In
Fig. 4A, a Venn diagram shows the number of yeast-exclusive
proteins from Pb3 (38), Pb18 (113), or overlapping both iso-
lates (126). Fig. 4B shows that Pb3-exclusive yeast proteins
were more  represented in the groups of carbohydrate (1.8-
fold)/protein (2.7-fold) metabolism, and oxidation/reduction
(1.6-fold) when compared with Pb18-exclusive components.
Pb18-exclusive yeast proteins were more  involved in transla-
tion (14-fold), nucleic acids binding (4.7-fold), and transport
e u  p a o p e n p r o t e o m i c s 3 ( 2 0 1 4 ) 216–228 221
Fig. 3 – Comparison of cell wall DTT-extractable proteins
from P. brasiliensis yeast and mycelium (pooled from Pb3
and Pb18 analysis). (A) Venn diagram shows the number of
proteins identiﬁed exclusively in yeast, mycelium or
overlapping both morphological phases. (B) Functional
categorization of yeast and mycelial cell wall-associated
proteins. The values represent the percentages out of all
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Fig. 4 – Comparison between Pb3 and Pb18 yeast-phase
DTT-extractable cell wall proteins. (A) Venn diagram shows
the number of proteins identiﬁed exclusively in Pb3, Pb18
or overlapping both isolates. (B) Functional categorization
of yeast-phase cell wall-associated proteins from Pb3 and
Pb18. Values represent the percentages from all identiﬁed
proteins. (C) Venn diagram shows the number of P.
brasiliensis yeast-exclusive proteins (Fig. 3) identiﬁed in
plasma membrane can remain on the cell wall or be releaseddentiﬁed proteins.
5.3-fold). Proteins related to stress response and protein fold-
ng were identiﬁed mainly in the overlap group (Fig. 4B).
Table 1 lists Pb3-exclusive, Pb18-exclusive, and overlap-
ing yeast-phase proteins represented in Fig. 4A. We omitted
rom this Table information about conserved, hypotheti-
al, and proteins of unknown function, but they can all be
ound in Supplementary Table 5. Protein metabolism was
he most represented functional group in Pb3 yeast cell wall
hen compared to Pb18 (Fig. 4B and Table 1). Sequences
elated to protein degradation, such as peptidase dimer-
zation domain-containing protein (PABG 01461/PADG 04062),
roteasome subunit beta type-3 (PABG 01465/PADG 04067),
nd carboxypeptidase Y (PABG 06849/PADG 06314) were iden-
iﬁed. In Pb18, translation was the most enriched process.
ibosomal proteins prevailed and most of them were P.
rasiliensis yeast-exclusive (highlighted gray), such as 60S
cidic ribosomal protein P0 (PABG 01430/PADG 04030), 60S
ibosomal protein L15 (PABG 01278/PADG 03856), 60S ribo-
omal protein L8-B (PABG 04452/PADG 04848), 60S ribosomal
rotein L2 (PABG 06705/PADG 02249), and 40S ribosomal pro-
ein S21 (PABG 06370/PADG 07583). All of these sequences
ave previously been described in S. cerevisiae cell surface
26,27].
We searched for P. brasiliensis yeast-exclusive proteins
Fig. 3A) in Pb3 and Pb18, generating the numbers shown inPb3, Pb18 or in both isolates.
Fig. 4C. Proteins that were found exclusively in yeast-phase P.
brasiliensis (corresponding to Fig. 4C) are highlighted in gray
in Table 1. Interestingly, among 132 yeast-exclusive proteins,
most (92) were also P18-exclusive (Fig. 4C). Among them,
twelve are involved in oxidation/reduction (e.g., PADG 02728
sulﬁte oxidase, PADG 00225 catalase B), ten participate in pro-
tein metabolism (e.g., PADG 04067 proteasome subunit beta
type-3, PADG 01404 aspartate aminotransferase), and six are
related to carbohydrate metabolism (e.g., PADG 00681 phos-
phoglucomutase, PADG 01706 fructose-1,6-biphosphatase).
3.7.  FSD  classiﬁcation  and  comparison  with  fungal
cell wall  and  extracellular  vesicle  proteins
Protein export to the extracellular milieu is an important
fungal mechanism to release molecules that can poten-
tially modulate the immune response and interfere in the
host-pathogen relationship. Molecules that transverse theextracellularly. There are classical and unconventional secre-
tory mechanisms [28]. We  then used the Fungal Secretome
Database (FSD) [23] to classify proteins analyzed in this
222  e u  p a o p e n p r o t e o m i c s 3 ( 2 0 1 4 ) 216–228
Table 1 – List of identiﬁed cell wall-associated proteins in Pb3 and Pb18 yeasts. Proteins have been listed as
Pb3-exclusive, Pb18-exclusive, or overlap, and classiﬁed according to GO functions. Orthologs previously reported in the
cell wall (CW) or extracellular vesicles (EV) from H. capsulatum (Hc), C. neoformans (Cn), S. cerevisiae (Sc), C. albicans (Ca), A.
fumigatus (Af), and homologs of P. brasiliensis (Pb) are indicated. Classiﬁcation by the Fungal Secretome Database (FSD) is
included (see Fig. 5 for details). Proteins highlighted in gray were  exclusively detected in P. brasiliensis yeast phase;
hypothetical/conserved proteins or proteins classiﬁed with unknown function were  omitted from this Table, but can be
found in Supplemental Table 5.
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Table 1 – (Continued)work for secretory features. FSD gathers information from
nine secretion prediction programs for a number of fun-
gal genomes, including Paracoccidioides. Similar results were
observed for both isolates (Fig. 5), for which about 80% of
identiﬁed proteins were classiﬁed as secretory, mostly (63%)
via nonclassical (NS) mechanisms (Table 1). Only about 20%
of the proteins lack conventional or unconventional secretory
known signals.
Fungal extracellular vesicles are able to carry cytoplasmic
proteins to the cell wall and outwards, as already described,
for e.g., in Cryptococcus neoformans [29], Histoplasma capsulatum
[30], S. cerevisiae [31], and P. brasiliensis [32]. We therefore
searched for previously reported fungal extracellular vesicle
and cell wall orthologs of the proteins presently identiﬁed.
We did that both manually and using the OrthoMCL software.
Observe in Fig. 5B that 35–39% of the P. brasiliensis proteins
here identiﬁed have not been reported before on the fungal
surface or in extracellular vesicles, however the remaining
(over 60%) have previously been found in either of these com-
partments or both. Moreover, almost all of these proteins were
described as extracellular vesicle components, suggesting an
important participation of these structures in cell wall consti-
tution. For details about each identiﬁed protein, please refer
to Table 1 and Supplementary Table 5. Proteins like phospho-
glycerate kinase (PABG 03332/PADG 01896), glyceraldehyde 3-
phosphate dehydrogenase, or GAPDH (PABG 00022/PADG
02411), 6-phosphogluconate dehydrogenase (PABG 01752/PADG 03651), and mitochondrial peroxiredoxin PRX1 (PABG
00661/PADG 03095) have previously been described in
extracellular vesicles from H. capsulatum, C. neoformans,
S. cerevisiae and P. brasiliensis (Supplementary Table 5).
4.  Discussion
In the present work we  compared DTT-extractable cell
wall-associated proteins from yeast and mycelial phases
of P. brasiliensis,  with focus on the yeast pathogenic phase
molecules. We analyzed Pb3 and Pb18 because (i) there is
complete genome information for these isolates (http://www.
broadinstitute.org/annotation/genome/dimorph collab.1/
MultiHome) [20]; (ii) they represent PS2 and S1 distant phylo-
genetic groups [18]; (iii) they evoke murine PCM with distinct
progression characteristics in B10.A [19], C57Bl/6 and BALB/C
(Carvalho et al., unpublished data). In these three mouse
models, Pb18 is more  virulent than Pb3, as suggested by
the higher number of colony forming units recovered from
Pb18-infected lungs. Low virulence is probably due to a more
efﬁcient immune response evoked by Pb3, and also to the
lack/minor effect of virulence factors and fungal molecules
that neutralize host effector mechanisms. With the present
analysis we hoped to ﬁnd differentially expressed proteins
that could help explain the distinct outcome of experimental
PCM they evoke.
e u  p a o p e n p r o t e o m i c s 3
Fig. 5 – Characterization of cell wall proteins from
yeast-phase Pb3 and Pb18. (A) Protein classiﬁcation of
secretory potential by the Fungal Secretome Database
(FSD): SP (containing signal peptide as identiﬁed by SignaIP
3.0); SP3 (bearing signal peptide predicted by SigPred,
SigCleave or RPSP); SL (subcellular localization predicted by
PSort II and/or Target 1.1b); NS (nonclassical secretion,
predicted by SecretomeP 1.0f), and not classiﬁed (proteins
so far described as not secretory). (B) Percentage of fungal
orthologs previously reported in the cell wall (CW),
extracellular vesicles (vesicle), both locations (CW + vesicle),
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canases, other predicted Paracoccidioides adhesins [52]r in neither of these compartments (ND).
Most cell wall-associated proteins here identiﬁed are
ypically cytoplasmic, however many  have previously been
escribed at the cell wall of P. brasiliensis or other fungal species
Supplementary Table 5) [12,33]. In addition, 80% of Pb3 and
b18 proteins extracted from yeast bear secretory features
ostly of non-classical (NS) nature, as predicted by the Fungal
ecretome Database [23]. Non-classical extracellular export
ncludes the action of plasma membrane transporters and the
se of vesicles originated from plasma membrane blebbing,
ysosomal secretion, or exosome release [28,34]. The role of
xtracellular vesicles in the trans-cell wall transport of viru-
ence factors and in modulation of host’s immune response
as been recognized in fungi [35]. In P. brasiliensis, extracel-
ular vesicles have been described and characterized in yeast
ells [32,36,37], but so far we have no experimental evidence
hat they are produced in hyphae.
Our work showed that about 60% of Pb3 and Pb18 DTT-
xtractable yeast surface proteins have orthologs identiﬁed in
ungal extracellular vesicles [32]. That suggests a fundamental
articipation of these structures not only in fungal secretome,
s we  previously observed [32], but also in cell wall compo-
ition. The role of most of these proteins at the cell surface
s still unclear, but at least part of them might be moonlight
roteins involved in a variety of activities such as cell wall
iosynthesis/remodeling, and fungal adaptation to different
nvironmental conditions.
By comparing mycelial and yeast DTT-extractable pro-
eins from Pb3 and Pb18 live cells we tried to ﬁlter cell ( 2 0 1 4 ) 216–228 225
wall-associated proteins representative of each mor-
phological phase in P. brasiliensis (Fig. 3). Among 385
identiﬁed sequences, 51% overlapped yeasts and mycelia
from both isolates, as exempliﬁed by triosephosphate
isomerase, or TIP (PABG 05842/PADG 06906), GAPDH
(PABG 00022/PADG 02411), and also mitochondrial perox-
iredoxin PRX1 (PABG 00661/PADG 03095), which in C. albicans
localizes at the cell wall only in pathogenic hyphae [38].
Proteins related to translation, transport, nucleic acids
binding, and nucleosome assembly were highly represented
in the P. brasiliensis yeast-exclusive group. Nucleosome assem-
bly protein histone H2B was identiﬁed in both Pb3 and Pb18
yeast cells and also in extracellular vesicles from Pb18, H.
capsulatum, and C. neoformans [32]. In H. capsulatum, it was
also localized in the cell wall using transmission electron
microscopy (TEM), where it is relevant in protection medi-
ated by passive immunization with anti-histone monoclonal
antibodies [39].
The immunological role of fungal surface proteins is an
important aspect to be considered in our analysis. The recog-
nition of cell wall-associated proteins by pre-activated T
cells and/or antibodies may interfere with infection [40].
As mentioned for histone H2B, other proteins are likely to
elicit opsonizing antibodies. Previous works have shown that
some proteins here identiﬁed are indeed recognized by PCM
patients’ sera, speciﬁcally: gp43 (glucan 1,3-beta-glucosidase,
PABG 06340/PADG 07615) [13], TIP and GAPDH [41], formami-
dase [42], Hsp60 [43], and Hsp70 [44].
Hsp60 also induced protective cellular immune response
in mice [45]. In our analysis, Hsp60 was yeast-exclusive. In
H. capsulatum, it mediates fungal attachment to macrophage
CD11/CD18 receptors [46]. In this fungus, the dendritic cell-
yeast recognition by VLA-5 is mediated by cell wall protein
cyclophilin A [47], which is an ortholog of the peptidyl-prolyl
cis-trans isomerase here identiﬁed in both morphological
phases of Pb3 and Pb18 (PABG 06356/PADG 07599). Whether
P. brasiliensis surface Hsp60 and peptidyl-prolyl cis–trans
isomerase play a similar role in interaction with host
macrophages/dendritic cells still needs to be investigated.
As mentioned previously, P. brasiliensis gp43 can inter-
act with the host in numerous ways and modulate the
immune response [48]. Gp43 has a typical signal peptide and
is largely secreted as aggregates in deﬁned regions of the
cell wall [14,49], but it has also been detected in extracellu-
lar vesicles [32]. Cell wall gp43 is recognized by cells of the
immune system, but also binds to proteins associated with
the extracellular matrix, like laminin [50] and ﬁbronectin [16],
thus correlating the glycoprotein with virulence [51]. Here
we identiﬁed gp43 associated to Pb3 (PABG 06340) and Pb18
(PADG 07615) mycelium, and to Pb18 yeast cell wall. It seemed
to be more  abundant in Pb3 than Pb18 mycelium. It will
be interesting to ﬁnd out why Pb18 yeast cells would retain
more  gp43 at the cell wall than Pb3. In case that occurred
in vivo it would help explain why Pb18 is more  virulent than
Pb3.
Besides gp43, which is structurally related to glu-have been identiﬁed here, speciﬁcally, three hypotheti-
cal/predicted proteins (PADG 06374, PABG 07798/PADG 06557)
and PABG 00171/PADG 02569), TPI (PABG 05842/PADG 06906),
 m i c s
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GAPDH (PABG 00022/PADG 02411), actin cytoskeleton pro-
tein VIP1 (PABG 02026/PADG 00422), and the yeast-exclusive
Hsp60 (PABG 07300/PADG 08369). GAPDH and TPI, here identi-
ﬁed in both phases, have previously been seen at the cell wall
by TEM; both bear experimentally proved binding properties
to mammalian extracellular matrix-associated components
[53,54]. We  identiﬁed enolase, also related to carbohydrate
metabolism, in all samples but Pb18 mycelium. It has previ-
ously been localized at the yeast surface and shown to bind
to plasminogen, activating conversion to plasmin, a serine
protease that helps host tissue invasion [55]. In C. albicans,
cell wall enolase and TPI can bind to human kininogen, kinin
precursor, often involved in human host defense against
microbial infections [56]. Whether glycolytic enzymes are
active on the cell wall remains to be determined; however, at
least GAPDH [57] and phosphoglycerate mutase [58] catalytic
activities on yeast surface have already been reported.
When we  compared Pb3 and Pb18 yeast cell wall-
associated proteins, 41% were Pb18-exclusive. Besides,
most P. brasiliensis yeast-exclusive proteins were also
Pb18-exclusive (Fig. 4C). We  believe that part of these
proteins may potentially account for Pb18 virulence by
playing speciﬁc roles in infection. Proteins with antioxi-
dant activities, such as catalase B (PABG 03611/PADG 00225),
thioredoxin reductase (PABG 03023/PADG 01551), and nitrore-
ductase (PABG 03480/PADG 02048) might defend P. brasiliensis
against reactive-oxygen species released by host cells, consid-
ering they are essential for survival of other fungal species
[59]. Proteins related to stress response and protein folding
could also potentially help Pb18 to survive in the stressing host
environment.
In brief, we  used reliable proteomic approaches to compare
cell wall-associated proteins from mycelial and yeast phases
of P. brasiliensis Pb3 and Pb18. We  discussed some differen-
tially detected proteins that might explain the distinct PCM
outcomes evoked by these isolates. Although most proteins
are cytoplasmic, about 80% have some kind of secretion sig-
nal, as detected by the Fungal Secretome Database, and 80%
have previously been described on the cell wall and/or in fun-
gal extracellular vesicles. These ﬁndings support the growing
notion that most exported proteins use alternative means of
transportation, which in turn would allow for numerous cyto-
plasmic proteins to localize out of the plasma membrane, both
in the cell wall and extracellular environment. These concepts
have recently been summarized by Rodrigues et al. [60], who
also described a new mechanism of vesicle formation involv-
ing cell membrane invagination followed by vesicle formation
in the periplasmic space of the yeast cell wall. The process
involves cytoplasmic subtractions that can help explain the
presence of cytoplasmic proteins on the cell wall.
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